The adsorption isotherms of nitrogen at 77 K have been determined on two series of activated carbons and two samples of activated carbon fibres. The carbons were highly microporous and contained varying amounts of different forms of rnicroporosity. Characterization of the carbons was undertaken using an alternative linear form of the BET equation and the results of the BET parameters obtained have been compared with those obtained from the usual classical linear form of the equation. The surface areas calculated from the two linear forms were similar while the C values were quite different. The C values obtained from the alternative linear form appeared to be more reasonable, being consistent with and related to the rnicroporous character of these carbons. The alternative linear form gave BET plots which were more sensitive to deviations from linearity allowing the relative pressure range for the application of the BET equation to be determined without any ambiguity and more precisely.
INTRODUCTION
Active carbons are unique and versatile adsorbents because they have a high surface area as well as a developed porous structure and a high degree of surface reactivity (Bansal et al. 1988) . They are associated with a large number of slit-shaped pores with pore diameters less than 2 nm. These pores are present between the twisted aromatic sheets forming the matrix (Bansal et al. 1988 ; Stoeckli 1990) . The presence of these rnicropores in active carbons substantially enhances their adsorption capacity. These carbons also contain mesopores and macropores and thus have a heterogeneous porous structure which can be characterized quantitatively by pore volume, pore size distribution and surface area.
Although several different techniques such as the adsorption of gases and vapours (Stoeckli 1977; Gregg and Sing 1982; Dubinin 1985; Garrido et al. 1987; Bansal et al. 1988; Sing 1989; Jaroniec et al. 1990; Carrott and Freeman 1991; Menon et al. 1993) , small-angle X-ray scattering (Dubinin and Stoeckli 1980; Fujiwara et al. 1991; Ruike et al. 1993) , mercury porosimetry (Gregg and Sing 1982; Zgrabich et al. 1991; Mittelmeiger-Hazeleger and Martin-Martinez 1992) , immersion calorimetry (Maggs and Robins, 1979; Atkins et al. 1982; Stoeckli and Kraehenbuehl 1982; Barton et al. 1984; Bansal et al. 1988; Bansal and Sharma, 1991) and adsorption from the solu--Author to whom all correspondence should be addressed. tion phase (Gilles et al. 1970; Puri and Bansal 1971; Puri 1981; Marsh and Campbell 1981) have been used, the adsorption of gases and vapours by standard gravimetric or volumetric techniques is still a classical and convenient approach to the general characterization of microporous carbons. Sing (1989) and Rodrfguez-Reinoso et at. (1989) studied the adsorption of several adsorbates which included N 2 and CO 2 and several hydrocarbons on active carbons, and observed that in many cases the adsorption of hydrocarbons provided a better picture of the microporous character of carbons. Rozwadowski and Wojsz (1981) measured the adsorption isotherms of vapours of aliphatic amines and alcohols to evaluate the parameters that characterize the microporous structure. Koresh (1993), using TCM 1.28 carbon fibre cloth activated in air at 400·C and in CO 2 and steam at 800·e, has suggested the use of adsorption/desorption of N 2 and H 2 at room temperature at less than atmospheric pressure for characterizing the ultramicroporous character of activated carbons.
However, the application of different methods and equations to the adsorption isotherms, whilst permitting quantification of the surface area and microporosity in activated carbons, gives results for different adsorbates which do not generally agree. Nitrogen at 77 K and CO 2 at 273 K are the most commonly used adsorbates and the BET equation is the most widely used equation for the characterizing the microporous character of solid materials.
The application of the BET equation is considered a standard method for calculating the surface area although the theoretical model underlying the BET equation is quite crude. The application of the classical linear form of the BET equation gives rise to a considerable degree of uncertainty and subjectivity (Fernandez-Colinas et al. 1989) in determining the range of relative pressure over which the equation can be applied and this problem is further complicated in the case of microporous carbons where the range of applicability is narrower.
In the present paper, the microporous character of a series of activated carbons and carbon fibres has been analyzed using an alternative linear form of the BET equation. The use of such an alternative equation virtually eliminates all ambiguity regarding the selection of the proper experimental range of relative pressure for applying the BET equation. The results obtained with this alternative equation have been compared with those obtained from the classical BET equation.
EXPERIMENTAL
The active carbons used in the present investigations were prepared from a low volatile bituminous coal, Sovilla (= 15% V.M.), from the Asturias Central Basin (Spain) (Sousa et al. in press) . The starting material was ground and a size fraction of +1.0-3.0 mm selected. Representative samples were placed in trays and oxidized in an oven with a forced air circulation at 270·C for periods of time ranging from 1-7 d. Pyrolysis of fresh and oxidized coal samples was effected under nitrogen by heating up to 850·C at a heating rate of 60 Kzmin and employing a soaking time of 1 h. Activation of chars was carried out in a vertical quartz reactor (i.d. 20 mm) at 850·C with a nitrogen flow rate of 135 cm 3/g, allowing the gas to bubble through water at 67 ± 1·C. The steam/water mass flow was 28 ± 1 cmvmin. The chars were gasified up to 20, 35, 50, 70 and 80 ± 1% bum-off, expressed on an ash-free basis. The two series of activated carbons have been designated as AC and OX, respectively. Both series were prepared from the same coal but using different conditions for oxidation and activation. The AC series carbons differed in their degree of bum-off while the OX series differed in their degree of oxidation relative to the parent coal. For both series, the first figure in their representation corresponds to the number of days for which the coal was oxidized in air at 543 K while the last two figures represent the percentage bum-off of the sample in steam. The carbon fibre samples were prepared by the carbonization of petroleum pitch and obtained from the Ashland Chemical Co.
The nitrogen adsorption isotherms were determined by means of an automatic ASAP 2000M apparatus designed by Micromeritics. Approximately 0.6 g of sample was degasified at 250·C for ca. 24 h under a dynamic vacuum of ca. 10-4 Torr (l Torr = 133.3 Pa). After cooling, the samples were kept under a nitrogen atmosphere and later degasified with an oil pump. The saturation pressure of N 2 was measured every 2 h.
RESULTS AND DISCUSSION
The adsorption isotherms of nitrogen at 77 K on the two series of activated carbons are shown in Figures I and 2 . All the adsorption isotherms are type I of the BET classification, demonstrating the highly microporous nature of these carbons. The adsorption isotherms on the two samples of activated carbon fibre were exactly similar and have, therefore. been omitted. The amount of nitrogen adsorbed increased with an increase in bum-off for the AC carbon series and with an increase in the degree of oxidation for the OX carbon series With the AC carbon series, the knee Figure 1 . Adsorption isotherms of nitrogen at 77 K on AC activated carbon series. of the isotherm showed a tendency to open as the degree of bum-off increased. resulting in an increase in the slope of the plateau at higher relative pressures (cf. Figure 1 ). However. for the OX carbon series, the knee showed a tendency towards greater closure as the degree of oxidation increased (cf. Figure 2 ). The t-plots for the AC carbon series showed a shift in the start of the linear region towards higher relative pressures as the degree of bum-off increased. This fact. coupled with the change in the slope of the nitrogen adsorption isotherms, indicates quite clearly that the micropore distribution was broadened as the degree of bum-off increased (Carrott et al. 1987 (Carrott et al. . 1991 .
The parameters of the DR equation for the nitrogen adsorption isotherms are listed in Table 1 .
The magnitude of the Eo parameter determined from the DR equation is generally interpreted on the basis of the adsorbent microporosity, with higher values corresponding to narrower pores. For the samples studied here. the characteristic energy parameter Eodecreased with increasing bumoff and increased with an increase in the degree of oxidation (cf . Table 1 ). Furthermore, although the total micropore volume W o increased both on increasing the degreeof bum-off and the degree of oxidation, the micropore surface area Smic generally decreased with the degree of bum-off and increased with the degree of oxidation. These results indicate that the average pore width increased with the degree of bum-off and decreased with the degree of oxidation. This result receives support from the values of the accessible pore width which increase on bum-off and decrease on oxidation (cf. Table 1 ). A detailed discussion of the adsorption isotherms, the t-plots and the application of the DR equation will be the subject matter of another paper. All we intend to emphasize here is that the activated carbons and carbon fibres used in this investigation were highly microporous and associated with varying amounts of different types of microporosity.
Application of the BET equation
The most widely used standard method for the determination of the surface area of solid materials is the Brunauer, Emmett and Teller equation which may be written as
where n a is the amount of gas adsorbed at a pressure p, n~is the amount of the gas required to form a monolayer on the surface of the adsorbent, po is the saturation vapour pressure of the adsorbate at the adsorption temperature and C is a parameter given by the equation:
where E 1 is the mean enthalpy of adsorption of the first layer and E L the enthalpy of liquefaction of the adsorbate. The quantities Rand T have their usual significance. The linear form of the BET equation which is generally used is:
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where X =(p/p''). The intercept and slope of the linear plot can be used to determine n~, a measure of the surface area and the parameter C.
Application of the 'traditional' BET equation [equation (3)] presents several difficulties, the more important being the uncertainty in the determination of the relative pressure range over which the equation can be applied. IUPAC recommend the use of a relative pressure range value of 0.05-0.30. However, it has been pointed out that the most adequate range for each particular situation occurs in the region where the equation becomes linear . Several investigators (Emmett and McIver 1956; Dollimore 1980; Femandez-Colinas et al. 1989) have recognised the shortcomings of the classical linear equation and have proposed different treatments for determining the appropriate applicability range of the BET equation. However, all of these suggestions have an empirical basis.
The BET equation (3) The BET plots for the two series of activated carbons using the two equations [equations (3) and (4)] are presented in Figures 3-6 . It is seen that the two sets of plots obtained from the two equations differ considerably. The plots obtained by equation (4) appear to be more sensitive to deviations from linearity and tend to show asymptotic behaviour both at low and at high relative pressures [at high and low (l -X)/X values], while the plots obtained from equation (3) over the same relative pressure range are almost linear. Consequently, a more precise determination of the relative pressure range over which graphic representation of the BET equation is linear can be made using equation (4) rather than equation (3).
The relative pressure range obtained for the linear regions of the BET plots derived from equations (3) and (4) are presented in Table 2 . It is seen that the relative pressure range as determined by equation (3) generally does not vary appreciably either with a variation in the degree of burnoff (AC series) or with a variation in the degree of oxidation (OX series), although both treatments bring about a considerable variation in the textural character of the materials. However, when calculated using equation (4), the relative pressure range for the applicability of the BET equation shifts regularly to higher relative pressure ranges in the case of the AC carbon series and to lower pressure ranges in the case of the OX carbon series. This variation in p/po could be attributed to the change in the microporous character of these carbons. It is interesting to note that parameters of the DR equation such as Eo and L show a regular variation with either the degree of bum-off (AC series) or the degree of oxidation (OX series) (cf. Table 1 ). From equation (1) it can be deduced that when n a =n~the values of the relative pressure p/po (= X') are given by X' = (VCl)/(C -1) when C > 1. The C parameter has a high value in all the activated carbon samples and forthis reason the relative pressures calculated using the two equations are compared in Table 3 with the experimental values obtained from the isotherms. It is interesting to note that the values obtained from equation (4) The two most important parameters calculated from the BET equation are the surface area and the C constant. The values of these parameters obtained from BET isotherms based on the two above equations are recorded in Table 4 . The specific surface areas obtained from the two equations are quite similar, the values obtained from equation (4) 767  820  861  2192  2316  27378  1147   593  2486  709  1835  847  1007  922  675  1050  393  160  432  320  467  371  514  673  974  847  1007  943  1569  1322  526 obtained from the two equations differ appreciably. In general, the values obtained from equation (3) show a certain degree of incoherence as the degree of burn-off or the degree of oxidation is increased. In the case of samples AC-720 and AC-735, the values of C were even negative. On the other hand, the values of the C parameter obtained from an application of equation (4) have a certain degree of order, decreasing regularly with increasing degree of burn-off and increasing regularly with increasing degree of oxidation. The increase or the decrease in the C value also appears to be reasonable and related to the microtextural changes that the above treatments effect in the samples. A relationship between the C parameter calculated from both equations and the degree of burnoff is shown in Figure 7 . It is seen that the values of the C parameter calculated from equation (4) show almost a linear relationship since all the points may be collected around a straight line. In contrast, the values calculated from equation (3) Burn-off (%) Figure 7 . Relation between the degree of burn-off and the C parameter calculated from the 'traditional' (_) and alternative Ce) equations.
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A relationship between the C parameter of the BET equation and the micro porous character of the activated carbons may be recognised from Figure 8 in which the characteristic energy Eo and the C parameter calculated from the equations (3) and (4) have been plotted. The C values calculated using equation (4) show a linear relationship with Eo while those calculated from equation (3) do not exhibit such a relationship. It is apparent, therefore, that the C values calculated from equation (4) are more reasonable and consistent with the microporous character of the activated carbons. This variation in the C value with the degree of burn-off or the degree of oxidation is also reflected in a gradual change in the shape of the knee in the nitrogen adsorption isotherms (cf. Figures 1 and 2) . Thus the variation of the C parameter of the BET equation for the microporous carbons seems to be influenced more by the mean pore size of the micropores than by the nature of the carbon, and this is in accord with values calculated using the alternative equation [equation (4) In order to examine the applicability of the alternative equation to porous materials other than active carbons, the adsorption isotherms of nitrogen at 77 K have been determined on a nonporous y-A1 2 0 3 which is frequently used as a reference material and a mesoporous Silicagel (Merck). The adsorption isotherms are presented in Figure 9 and their corresponding BET plots using the classical BET equation [equation (3)] and the alternative equation [equation (4)] are shown in Figures 10 and 11 . For the sake of comparison, the data for the same range of relative pressures have been used in the BET plots. As in the case of activated carbons, the BET plots obtained from equation (4) show a greater sensitivity towards deviations with the curves in Figure  11 tending to be asymptotic both at low and high relative pressures [high and low (1-X)/X]. This behaviour can be seen more clearly in Figure 12 in which the regression lines corresponding to the linear regions are also illustrated.
The textural parameters obtained from the BET plots are recorded in Table 5 . As for the activated carbons studied, the surface areas obtained from the two equations are about the same while the C values are quite different. In Figures 10 and 12 , values of p/po when rr' = n~as obtained from equation (3) pressure at which deviations from linearity commence and hence a precise choice of the experimental points. It should be mentioned that the values of specific surface area and of the C constant were similar irrespective as to whether equation (3) or (4) was used with the same experimental data points. From the results presented in this paper, it appears that although the problems associated with applying the BET equation to isotherms of microporous solids are not completely solved, the alternative linearization of the BET equation does represent an improvement over the standard method. The equation is very sensitive to deviations from linearity and hence the relative pressure range for the linear region can be detected more precisely. The values of the specific surface area are similar to those obtained from the standard equation, but the values of the C parameter are more reasonable and can be related to the microporous character of the porous material. 
